Accurate determination of the atmospheric particulate matter mass concentration and chemical composition is helpful in exploring the causes and sources of atmospheric enthalpy pollution and in evaluating the rationality of environmental air quality control strategies. Based on the sampling and chemical composition data of PM 2.5 in different key regions of China in the CARE-China observation network, this research analyzes the environmental air quality data released by the China National Environmental Monitoring Centre during the studied period to determine the changes in the particulate matter mass concentration in key regions and the evolution of the corresponding chemical compositions during the implementation of the Action Plan for Prevention and Control of Air Pollution from 2013-2017. The results show the following. (1) The particulate matter mass concentration in China showed a significant downward trend; however, the PM 2.5 annual mass concentration in 64% of cities exceeds the New Chinese Ambient Air Quality Standard (CAAQS) Grade II (GB3095-2012). The region to the east of the Taihang Mountains, the Fenhe and Weihe River Plain and the Urumqi-Changji regions in Xinjiang, all have PM 2.5 concentration loading that is still high, and heavy haze pollution occurred frequently in the autumn and winter. (2) During the heavy pollution in the autumn and winter, the concentrations of sulfate and organic components decreased significantly. The mean SO 4 2 concentration in PM 2.5 decreased by 76%, 12%, 81% and 38% in Beijing-Tianjin-Hebei (BTH), the Pearl River Delta (PRD), the Sichuan-Chongqing region (SC) and the Fenhe and Weihe River Plain, respectively. The mean organic matter (OM) concentration decreased by 70%, 44%, 48% and 31%, respectively, and the mean concentration of NH 4 + decreased by 68%, 1.6%, 38% and 25%, respectively. The mean elemental carbon (EC) concentration decreased by 84% and 20% in BTH and SC, respectively, and it increased by 61% and 11% in the PRD and Fenhe and Weihe River Plain, respectively. The mean concentration of mineral and unresolved chemical components (MI) dropped by 70%, 24% and 13% in BTH, the PRD and the Fenhe and Weihe River Plain, respectively. The change in the PM 2.5 chemical composition is consistent with the decrease of the PM 2.5 mass concentration. (3) In 2015, the mean OM concentration contributions to fine particles and coarse particles were 13-46% and 46-57%, respectively, and the mean MI concentration contributions to fine particles and coarse and particles were 31-60% and 39-73%, respectively; these values are lower than the 2013 values from the key regions, which is the most important factor behind the decrease of the particulate matter mass concentration. From 2013 to 2015, among the chemical components of different particle size fractions, the peak value of the coarse particle size fraction decreased significantly, and the fine particle size fractions of SO 4 2 , NO 3 , and NH 4 + decreased with the decrease of the particulate matter mass concentration in different particle size fractions. The fine-particle size peaks of SO 4 2 , NO 3 and NH 4 + shifted from 0.65-1.1 μm to the finer size range of 0.43-0.65 μm during the same time frame.
Introduction
Particulate matter (PM) is essential in the troposphere. Due to its influences on human health (Delfino et al., 2005; Pope and Dockery, 2006; Tang et al., 2017) , air quality Watson, 2002) and climate change (Ramanathan et al., 2001) , the study of PM has been a hot spot of concern in recent years. To understand the influence of the PM mass concentration and chemical composition on the ambient air quality, relevant observation networks have been established in developed regions, such as in Europe and the United States, and many studies on changes of the PM 2.5 levels and chemical composition have been carried out. More and more attention has been paid to the control of PM pollution, and the standards have tended to become stricter.
The observed PM data at 19 sites over Canada showed that the average PM 2.5 concentration is lower than 26 μg m −3 (Brook et al., 1997) and the contribution of PM 2.5 to the PM 10 mass is only 49%. In the 1990s, the analysis of PM 2.5 and PM 10 concentrations from 42 observation stations of the Interagency Monitoring of Protected Visual Environments (IMPROVE) found that the annual average PM 2.5 mass concentrations in the United States showed a spatial distribution of higher in the east and lower in the west, and the average concentration of PM 2.5 in the west was only 3 μg m −3 , while that in the Appalachian area in the northeast was 13 μg m −3 (Eldred et al., 1997) . At the beginning of this century, research on PM 2.5 at 143 IMPROVE sites in the United States showed that the components of PM 2.5 were dominated by sulfate, carbon and crust elements (Malm et al., 2004) . European countries, such as Switzerland and Austria, have also carried out research on the spatial and temporal variations, compositional changes and distribution characteristics of PM 2.5 . It is agreed that changes of the PM chemical composition can basically reflect its sources and characteristics (Gehrig and Buchmann, 2003; Gomišček et al., 2004; Houthuijs et al., 2001) .
In recent years, with the rapid development of the market economy, the rapid expansion of urban areas and the exploding number of motor vehicles, the air quality become worse and worse in China. The heavy haze pollution mainly caused by PM has affected people's health both physically and mentally. The Chinese government and related business and research departments have been committed to the prevention and control of air pollution and the long-term improvement of the air quality. In February 2012, the Ambient Air Quality Standard (GB3095-2012) was revised and issued, in which the ambient air quality standards for the PM 2.5 concentration was added, the PM 10 standard concentration limits were increased, and automatic monitoring methods for PM (PM 2.5 and PM 10 ) were standardized.
In September 2013, the State Council issued the Action Plan for Prevention and Control of Air Pollution (hereinafter referred to as the "Action Plan"), and the proposed specific targets were: (1) to reduce the concentrations of inhalable PM in prefecture-level and above cities in 2017 by more than 10% compared with those in 2012 and increase the number of excellent days year by year; and (2) to decrease the concentrations of fine particles in the Beijing-Tianjin-Hebei region, Yangtze River Delta region, and Pearl River Delta region by 25%, 20%, and 15% respectively, and control the annual average concentration of fine PM in Beijing to approximately 60 μg m −3 (http://www.gov.cn/jrzg/2013-09/12/ content_2486918.htm). The comprehensive implementation of the "Action Plan" and the revision of relevant laws and standards in China have promoted the prevention and control of atmospheric pollution and promoted scientific research on atmospheric pollution, which has yielded some high-quality research results (Zhang et al., 2012; Tao et al., 2017; Wang et al., 2015) . However, most studies were limited to operational monitoring of the PM 2.5 mass concentration, and studies related to the PM chemical composition were often limited to individual or seasonal pollution processes (Zhang and Cao, 2015; Liu et al., 2018) and were concentrated at one or several adjacent observation sites (Yang et al., 2011; Zhang et al., 2016) . Based on the abovementioned background, the Chinese Academy of Sciences, in conjunction with field stations of the Chinese Ecosystem Research Network (CERN), began to establish an observation network to monitor the physical, chemical and optical properties of PM at 35 sites across the country since 2012 (Xin et al., 2015) and to start the campaign of the atmospheric aerosol research network of China, called CARE-China. In this paper, 6 elements in ambient air monitored by the China National Environmental Monitoring Centre and the chemical composition of PM observed by CARE-China were used to analyze the variation trends and evolution characteristics of the chemical compositions of size-segregated PM in different key areas of China. The study aimed to make a scientific assessment of changes in ambient air in key areas since the implementation of "Action Plan" and provide a scientific basis and theoretical support for research on the long-term compliance of the air quality in China.
Methodology
The hourly average data of PM 2.5 , PM 10 , SO 2 , NO 2 and CO from 1436 sites used in this paper are derived from the national real-time release platform for urban air quality (http:// 113.108.142.147:20035/emcpublish). All of these data, combined with the data and methods in "Mid-term evaluation report on Action Plan" issued by the Chinese Academy of Engineering (CAE) (CAE, 2016) , are used to analyze the conditions, variation trends and pollution characteristics of the national air quality. The meaning of each monitoring index can be found in the Ambient Air Quality Standard (GB3095-2012) (MEE, 2012) . The operation and maintenance of the monitoring equipment and quality control strictly followed the Specifications and Test Procedures for Ambient Air Quality Continuous Automated Monitoring System for PM 10 and PM 2.5 (HJ653-2013) (MEE, 2013a). Valid data were selected according to the Ambient Air Quality Standard (GB3095-2012) and the Technical Regulation for Ambient Air Quality Assessment (on Trial) (HJ663-2013) (MEE, 2013b) .
The methods for the sampling of PM 2.5 and determination of its chemical composition are derived from the CARE-China observation network. The methods for PM 2.5 sampling and chemical composition analysis can be found elsewhere Xin et al., 2015) . In this paper, Beijing, Tianjin and Shijiazhuang are typical urban sites in the Beijing-Tianjin-Hebei region (BTH); Xi'an is a typical urban site in the Fenhe and Weihe River Plain; Chengdu and Chongqing are typical urban sites in the Sichuan-Chongqing region (SC); and Dinghushan is a background site in the Pearl River Delta region (PRD).
In addition, from 2013 to 2017, Anderson 9-stage samplers (Andersen Series 20-800, USA) were used to simultaneously collect atmospheric particulate matter samples in the size ranges of <0.43, 0.43-0.65, 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9.0 and >9.0 μm at an urban site (Beijing), suburban site (Xianghe) and background site (Xinglong) in BTH, an urban site (Wuxi) in the Yangtze River Delta region (YRD), an urban site (Chongqing) in SC and a background site (Dinghushan) in the PRD. To compare the differences between fine particles and coarse particles, the sum of the particles in the first four stages (i.e., <2.1 μm) represents fine particles, while the sum of the particles in the latter five stages (i.e., >2.1 μm) represent coarse particles. The PM samples were collected once per week, and the sampling duration was from 10:00 am every Monday to 10:00 am every Wednesday. The methods for the hierarchical sampling techniques and the results from single sampling sites have been published in our previous study (Tian et al., 2016) . This paper mainly elaborated and discussed the changes and evolution of chemical components in PM of different size fractions in different regions by using the abovementioned national networked data.
Results and discussion

Trends in the PM 2.5 and PM 10 mass concentrations
The mean concentration of PM 2.5 was 72±27.8 μg m −3 in 74 key cities of China in 2013, which was obtained from the China National Environmental Monitoring Center, while the mean concentration of PM 2.5 in BTH (13 cities), BTH and surrounding areas (BTHs, 17 cities), the YRD (25 cities), the PRD (9 cities) and SC (2 cities) were 106±37.9, 99±36.3, 67 ±10.6, 47±6.5 and 83±18.4 μg m −3 , respectively. The PM 2.5 concentrations in 71 key cities exceeded the Chinese "Ambient air quality standard" (CAAQS) Grade II (GB3095-2012) released by the Ministry of Ecology and Environment of the People's Republic of China. The PM 2.5 concentrations in southern and southeastern Hebei, Shandong, Henan and Shaanxi provinces exceeded the CAAQS Grade II by more than three times. Five years after the implementation of the "Action Plan", the mean PM 2.5 concentration declined to 47±15.5 μg m −3 in 74 key cities in 2017, with a decrease of 34.7% compared with that in 2013. The PM 2.5 mean concentrations in BTH, BTHs, the YRD and the PRD in 2017 decreased by 39.6%, 37.4%, 34.3% and 27.7% relative to those in 2013 ( Figure 1 ), respectively. A significant difference (p<0.01) was found between 2013 and 2017. The PM 2.5 mean concentrations in 31 provinces also showed a downward trend, and the rates of decline were more than 20% in 29 provinces. According to the Technical Regulation on Ambient Air Quality Index (on trial) (HJ633-2012), days with PM 2.5 daily mean concentrations higher than 150 μg m −3 in 74 cities and key regions from 2013 to 2017 were selected as heavily polluted days. The results showed that the average number of heavily polluted days in China and its key regions had also continued to decrease ( Table 1 ). The heavily polluted days in BTH and the YRD decreased from 74 and 24 days in 2013 to 24 and 2 days in 2017, respectively, and the heavily polluted days were almost eliminated in the PRD. More than half of the heavily polluted days in SC were eliminated, but the rate of decline was less than that in other regions due to the limitations of the basin topography. Further, the mid-term evaluation report on the implementation of the "Action Plan" by the CAE (CAE, 2016) showed that the meteorological conditions during polluted days in the key regions in 2014 and 2015 were slightly unfavorable or showed few changes when compared with those in 2013. The China Climate Bulletin (2017) (CMA, 2018) showed that the atmospheric environmental capacities in BTH, the YRD and the PRD during autumn and winter in 2017 (January to March and October to December) were 3.5%, 0.8% and 6.8% lower than those during the same periods in the last ten years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , respectively. At the same time, among the various measures of the "Action Plan" implemented in 2013-2015, four categories of measures such as upgrading key industries, conducting industrial restructuring, and remediating coal-fired boilers and resuspended dust were main actions taken for the reduction of PM 2.5 mass concentrations (CAE, 2016) , with contributions of 31.2%, 21.2%, 21.2% and 15.2% to the decrease in PM 2.5 mass concentrations, respectively. Compared with 2013, the annual SO 2 concentrations in BTH, the YRD and the PRD in 2017 decreased by 7.8%, 11.9% and 9.8%, respectively, and the annual NO 2 concentration in the corresponding regions in 2017 decreased by 63.8%, 53.3% and 47.6%, respectively (MEE, 2018) . Obviously, effective PM 2.5 control measures have been implemented by the "Action Plan" in China and key regions.
In addition, the PM 2.5 annual mean concentrations in 338 cities from 2015 to 2017 were also investigated herein. The results showed that the PM 2.5 annual mean concentrations in 338 cities exhibited a downward trend from 2015 to 2017, with an annual declining rate of 7.0%. The PM 2.5 annual mean concentrations in 27 provinces continued to decline: 12 provinces such as Beijing, Shanghai and Shandong decreased more than 20%; 12 provinces, such as Tianjin, Hebei and Jiangsu, decreased between 20% and 10%; and 3 provinces including Guangdong, Guangxi, and Guizhou decreased less than 10%, but Shanxi, Jiangxi, and Anhui provinces increased by 5.4%, 2.2% and 1.8%, respectively. Shaanxi remained unchanged. Due to the continuous decline of pollutant concentrations and the increase in the difficulty and cost of treatments, the decline of PM 2.5 concentrations in the late stage of the "Action Plan" has slowed. In general, the pollution conditions of PM 10 were similar to those of PM 2.5 . The PM 10 annual mean mass concentration was 97±45.2 μg m −3 in 338 cities of China in 2013, and the PM 10 annual mean mass concentrations were 181±71.0, 174 ±64.9, 103±18.0 and 86±25.5 μg m −3 in BTH, BTHs, the YRD and SC, respectively, which exceeded the CAAQS Grade II standard (70 μg m −3
). However, the PM 10 annual mean mass concentration in the PRD was 70±10.1 μg m −3 , which just met the CAAQS Grade II standard. The highest PM 10 mass concentrations in BTH and the YRD were found to be in Hebei and Jiangsu provinces, respectively. In addition to the four key regions (BTH, YRD, PRD and SC), Shandong, Xinjiang, Qinghai and Anhui had the highest PM 10 mass concentrations, with the daily excess rates of 41.8%, 26.9%, 25.5% and 13.2%, respectively. Further, the PM 10 annual concentrations in 9 and 93 cities met the CAAQS Grade I and II standards, respectively. However, the PM 10 mass concentrations were more than 3 times higher than the CAAQS Grade II standard in southern Hebei, Xinjiang and Shandong provinces.
In 2017, the annual mean concentration of PM 10 in 338 cities of China was 75±26.1 μg m −3 . Compared with the values 2013, the annual mean concentration of PM 10 in China, BTH, BTHs, the YRD and the PRD decreased by 22.7%, 37.6%, 35.6%, 31.1% and 24.3%, respectively. There were significant differences in the PM 10 annual mean concentrations in China, BTH, BTHs, the YRD and the PRD between 2013 and 2017 (p<0.01) ( Figure 2) . A downward trend of the PM 10 mass concentrations in 29 provinces (including autonomous regions and municipalities) was observed, and more than 20% reductions were found in 14 provinces (Hunan, Chongqing, Hebei, etc.) . Meanwhile, the number of cities that met the PM 10 CAAQS Grade II standard increased from 102 cities (2013) to 159 cities in 2017. Table 2 shows that PM in China and key regions were still dominated by fine particulate matter (PM 2.5 ), accounting for 60-65% of PM 10 . Even though the PM 2.5 /PM 10 ratios decreased by 2-3% in the most recent five years, the decrease was not significant, which indicated that controlling the direct emission of PM 2.5 and its gaseous precursors is still the main means of the mitigation of PM 2.5 pollution in China and key regions.
Currently, the limit of the PM 2.5 mass concentration in the CAAQS mainly follow the first-stage target guidance value proposed by the World Health Organization (WHO) in 2005, which is 35 μg m −3 for the annual PM 2.5 mass concentration.
However, if the second-stage target guidance value proposed by the WHO or the current US standard was used in our study, the number of cities which met the standard for PM 2.5 in 2017 would be reduced from 121 to 41 ( Figure 3 ). Further, if the annual PM 2.5 mass concentration with the value of 10 μg m −3 proposed by the WHO was used as the standard, no city in China in 2017 could meet the standard. Despite the continuous improvement of the air quality in China and key regions and the elimination of heavy PM 2.5 pollution in the PRD, the patterns of heavy pollution in BTH, BTHs, the YRD and SC have not changed substantially. Further, the heavy PM 2.5 pollution is more obvious in the Fenhe and Weihe River Plain and Urumqi-Changji regions, and heavy O 3 pollution has appeared in the PRD (CAE, 2016).
Trends in the chemical composition of PM 2.5 in the key regions of China
From 2013 to 2017, the concentrations of PM 2.5 in the ambient air of key urban agglomerations in China showed different degrees of decline. This section focuses on the chemical components, including the concentrations and trends of the six major components such as elemental carbon (EC), organic matter (OM), sulfate (SO 4 2 ), nitrate (NO 3 ), ammonium (NH 4 + ) and mineral and others (MI) and evaluates whether they are consistent with the PM 2.5 mass concentration changes. In this study, the declining rate of a certain chemical component refers to the percentage of the ratio of the concentration difference of this component in years before and after relative to the concentration in the previous year. The average declining rate refers to the percentage of the ratio of the concentration difference of the summed six major components in years before and after relative to the summed concentration in the previous year. The data observed in 2013-2017 at the representative sites in the key regions were discussed, and data cross-checking was performed to ensure the validity of the comparison results.
Typical cities in the Beijing-Tianjin-Hebei region
In 2013-2017, there was a significant decrease in all chemical components of fine particles in Beijing (Figure 4 ). During the autumn and winter, with the most severe PM 2.5 pollution, the declining rate of each component reached more than 45%, which was consistent with the declining rate of PM 2.5 (34%) during the same period. EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 81%, 70%, 50%, 48%, 53%, and 81%, respectively, with an average declining rate of 64%. Among them, the primary components such as EC, OM and MI decreased greatly, and the declining rates of the secondary components such as SO 4 2 , NO 3 and NH 4 + were significantly smaller than those of the primary components. The ratio of the declining rate of the primary components to that of the secondary component was approximately 1:0.66. In 2015-2017, EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 67%, 62%, 40%, 34%, 32%, and 77%, respectively. The average declining rate was 53%, which was consistent with the PM 2.5 declining rate (37%) during the same period announced by the China National Environmental Monitoring Centre but 11% lower than it was from 2013-2015, and the ratio of the primary component declining rate to that of the secondary components was approximately 1:0.53. In the last three years, for both primary or secondary components, the rate of decline has tended to be flat. The control of primary pollutants in Beijing was more effective than the control of secondary pollutants. The control of secondary pollutants is the key factor in the long-term compliance of the ambient air quality in Beijing.
In 2013-2017, there was also a significant decrease in all chemical components in the fine particles in Tianjin ( Figure  5 ). During the autumn and winter, with the most severe PM 2.5 pollution, the declining rate of each component reached more than 60%, which was consistent with the declining rate of PM 2.5 (34%) in the same period. EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 84%, 64%, 85%, 61%, 72%, and 74% respectively, with an average declining rate of 73%. The declining rates of primary components such as EC, OM and MI were similar to those of secondary components such as SO 4 2 , NO 3 and NH 4 + , and the ratio of the declining rate of the primary components to that of the secondary components was approximately 1:0.99. In 2015-2017, EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 78%, 43%, 76%, 47%, 51%, and 41%, respectively. The average declining rate was 53%, which was 20% lower than it was from 2013-2015. The ratio of the primary components declining rate to the secondary components declining rate was approximately 1:1.16. In the last three years, for both the primary and secondary com-ponents, the rate of decline has tended to be flat. In general, SO 4 2 , EC and MI decreased greatly, while organic matter and nitrate decreased relatively slightly. The control measures for PM from direct emissions and gaseous pollutants such as sulfur dioxide in Tianjin were remarkable. In the case of an overall decrease in primary pollutants emissions, it is still necessary to further strengthen the control of NO x and VOC.
For Shijiazhuang, as was the case in Beijing and Tianjin, all chemical components in the fine particles showed a significant decline in 2017 ( Figure 6 ). During the autumn and winter, with the most severe PM 2.5 pollution, the declining rate of each component reached more than 60%, which was consistent with the declining rate of PM 2.5 (47%) during the same period. EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 86%, 72%, 83%, 65%, 75%, and 64% respectively, with an average declining rate of 72%. The decreasing rate of the primary components was similar to the decreasing rate of the secondary components, and the ratio of the declining rate of the primary components to that of the secondary components was approximately 1:1.05. In 2015-2017, EC, OM, SO respectively, with an average rate of decline of 50%, which was 22% lower than it was from 2013-2015. The ratio of the primary to the secondary component reduction rate was approximately 1:1.38. In 2015-2017, for both primary and secondary components, the rate of decline have tended to be flat. Thus, OC, OM, SO 4 2 , and NH 4 + decreased greatly, while the declines of NO 3 and MI were slight. The control measures for PM from direct emissions and gaseous pollutants such as sulfur dioxide in Shijiazhuang was more effective, but there is still a need to strengthen the control of road dust and construction dust emissions.
Background sites in the Pearl River Delta region
In 2013-2016, the OM, SO 4 2 , NH 4 + and MI in the fine particles of the PRD showed a downward trend, decreasing by 44%, 12%, 1.6% and 24%, respectively. In contrast, EC and NO 3 increased by 61% and 1.5%, respectively. The average rate of declining was 24%, which was consistent with the declining rate of PM 2.5 (39%) during the same period ( Figure  7) . Among the components, primary components such as EC, OM and MI decreased greatly, and the decreases in the secondary components such as SO 4 2 , NO 3 and NH 4 + were significantly slower than those of primary components, with the ratio of the primary component declining rate to the secondary component declining rate of approximately 1:0.23. In 2014-2016, only OM, NH 4 + and MI in PM 2.5 showed a downward trend, and the declining rates were 20%, 18% and 24%, respectively, while EC, SO 4 2 and NO 3 showed an upward trend, rising by 30%, 1.1% and 2.5%, respectively. The average rate of decline was 12%, which was consistent with the declining rate of PM 2.5 (36%) during the same period but lower than those in the previous three years. The ratio of the primary component reduction rate to the secondary component reduction rate was approximately 1:0.32. In the last three years, for both primary and secondary components, the rates of decline have tended to be flat. Generally, OM, SO 4 2 NH 4 + and MI showed a significant decline, while EC and NO 3 showed an upward trend. In the case of an overall decrease in primary pollutants emissions, it is necessary to strengthen the control of PM pollution caused by direct emissions from fossil fuel combustion, especially the control of nitrogen oxide emissions.
Typical cities in the Sichuan-Chongqing region
In 2013-2017, except for NO 3 and MI, all components in the fine particulate matter in the Chengdu area decreased by more than 20%, and EC, OM, SO 4 2 and NH 4 + decreased by 20%, 48%, 81% and 38%, respectively. By contrast, NO 3 increased by 62%, and MI remained unchanged. The average rate of decline was 39%, which was consistent with the declining rate of PM 2.5 (59%) during the same period ( Figure  8 ). Among the components, the decreases of primary components such as EC, OM and MI were slow, and the declining rates of secondary components such as SO 4 2 , NO 3 and NH 4 + were significantly greater than those of the primary components. The ratio of the primary component declining rate to the secondary component declining rate was approximately 1:1.75. In 2015-2017, EC, OM, SO 4 2 , NO 3 , NH 4 + and MI decreased by 79%, 28%, 77%, 49%, 54% and 63%, respectively, and the average rate of decline was 55%, which was consistent with the declining rate of PM 2.5 (30%) during the same period but 16% higher than those of the previous three years. The ratio of the primary component declining rate to the secondary component declining rate was approximately 1:1.17. In the last three years, for both primary and secondary components, the rate of decline was greater. In general, EC, OM, SO 4 2 and NH 4 + decreased sharply, while NO 3 and MI showed an upward trend. Therefore, even though the primary components exhibited obvious decreasing, it is still neces- sary to strengthen the reduction of direct emissions from fossil fuel combustion, especially nitrogen oxides emitted by motor vehicles.
In 2013-2015, all the components in the fine particulates in Chongqing showed a downward trend, except for NO 3 and EC (Figure 9 ). Among the decreasing components, OM and MI decreased by 33% and 42%, respectively, while SO 4 2 and NH 4 + decreased gently by 0.6% and 2.4%, respectively. By contrast, NO 3 and EC increased by 3.4% and 33%, respectively. The average declining rate was 19%, which was lower than the declining rate of PM 2.5 (59%) during the same period. In 2014-2015, EC, OM, NO 3 , NH 4 + and MI decreased by 0.5%, 19%, 3.2%, 15%, and 48%, respectively, while SO 4 2 increased slightly by 8%. The average rate of decline was 16%, which was consistent with the PM 2.5 declining rate at a value of 30% in the same period, but the declining rate was 3% smaller than those of the previous two years. Thus, OM and MI showed great decreasing, while SO 4 2 and NH 4 + decreased slightly, but NO 3 and EC showed an upward trend. Therefore, even though the primary components exhibited obvious decreasing, it is still necessary to strengthen the reduction of direct emissions from fossil fuel combustion, especially nitrogen oxides emitted by motor vehicles.
Typical cities in the Fenhe and Weihe River Plain
In 2013-2016, OM, SO 4 2 , NO 3 , NH 4 + and MI in fine particles in the Xi'an area decreased by 31%, 38%, 11%, 25% and 13%, respectively, while EC increased by 11%. The average declining rate was 22%, which was consistent with the PM 2.5 declining rate at a value of 33% in the same period ( Figure  10) MI increased by 9%. The average declining rate was 24%, which was greater than the PM 2.5 declining rate (6.6%) during the same period and was similar to those of the previous three years. The primary composition in the last two years dropped significantly, but the rate of decline of the secondary components tended to be flat. Generally, SO 4 2 , NH 4 + and OM decreased by a large margin, while EC, MI and NO 3 decreased slightly. As was the case in SC, the control of direct emissions from fossil fuel combustion and nitrogen oxides emitted by motor vehicles is necessary.
Characteristics of the chemical compositions of size-resolved particles
In this study, size-resolved particles were collected by 9stage samplers (Andersen Series 20-800, USA) with the cutoff points of 0.43, 0.65, 1.1, 2.1, 3.3, 4.7, 5.8, and 9 μm. Particles with a diameter larger than 2.1 μm were defined as coarse particles, and those with a diameter smaller than 9 μm were defined as inhalable particles (comparable to PM 10 ).
The mass concentrations of coarse particles and inhalable particles in BTH, the YRD, the PRD and SC all declined from 2013 to 2015.
Interannual variation of chemical composition in coarse particles
Most of the chemical components of coarse particles in BTH showed a significant decreasing trend from 2013 to 2015, which was comparable to the declining rate of the mass concentration of coarse particles (39%) (Figure 11 ). The concentrations of OM, SO 4 2 , NH 4 + , NO 3 and MI in BTH decreased by 31%, 30%, 52%, 33% and 44%, respectively, and the average declining rate was 38%. In contrast, the concentration of EC increased by 22% from 2013 to 2015. In the YRD, the mass concentration of coarse particles decreased by 53% from 2013 to 2015. Meanwhile, the concentrations of OM, SO 4 2 , NO 3 and MI decreased by 50%, 34%, 35% and 35%, respectively. The concentration of NH 4 + was stable, and the EC concentration increased by 18%. In the PRD, the mass concentration of coarse particles de- It can be seen that the declining rate of coarse particles was significantly greater than that of fine particles, which was mainly caused by the decrease of OM and MI (Table 3) . As the main sources of OM and MI are scattered coal combustion, biomass burning and road dust, this can reflect that the control of scattered coal combustion and dust has been effective since the implementation of the "Action Plan".
Interannual variation of the chemical compositions of inhalable particles
The mass concentration of inhalable particles in BTH decreased by 30% from 2013 to 2015, which was consistent with the PM 10 declining rate (27%) observed by the environmental monitoring station network. The concentrations of OM, SO 4 2 , NO 3 , NH 4 + and MI in BTH decreased by 20%, 33%, 23%, 20% and 45%, respectively, and the average declining rate was 28%. In contrast, the concentration of EC increased by 23% from 2013 to 2015. In the YRD, the mass concentration of inhalable particles decreased by 35% from 2013 to 2015, which was consistent with the PM 10 declining rate (20%). The concentrations of the main chemical components including OM, SO 4 2 , and MI decreased by 48%, 23% and 31%, respectively, while concentrations of EC, NO 3 and NH 4 + increased by 50%, 1.3% and 15%, respectively. In the PRD, the mass concentration of inhalable particles decreased by 25% from 2013 to 2015, which was consistent with the PM 10 declining rate (25%) in the same period. OM and MI, the main chemical components, decreased by 35% and 57%, respectively, while the concentrations of EC, SO 4 2 , NO 3 and NH 4 + increased by 18%, 7.4%, 33% and 22%, respectively. In SC, the mass concentration of inhalable particles decreased by 29% from 2013 to 2015. The concentrations of OM, SO 4 2 , NH 4 + and MI decreased by 43%, 1.6%, 2.0% and 56%, respectively. The concentrations of EC and NO 3 increased by 53% and 3.3%, respectively ( Figure 12 and Table 4 ).
The overall variation trend of inhalable particles, regardless of the mass concentration or various chemical compositions, was consistent with that of PM 10 . In particular, the decrease of OM, SO 4 2 and MI in inhalable particles was the most significant among all the chemical species, which reflects the significant effectiveness of PM 10 emission control.
Interannual variation of the size distribution of chemical compositions
SO 4 2 , NO 3 and NH 4 + were mainly concentrated in the fine mode and peaked at 0.43-1.1 μm. In addition, SO 4 2 and NO 3 also exhibited a mini peak at 4.7-5.8 μm. Both OC and EC were considered to exhibit bimodal distributions, with a finemode peak at 0.43-1.1 μm and a coarse-mode peak at 4.7-5.8 μm, respectively (Figures 13-15 ). In BTH, the coarse-mode peak decreased significantly with the decrease of the concentrations of the chemical compositions from 2013 to 2015. The fine mode peaks of SO 4 2 , NO 3 and NH 4 + shifted from 0.65-1.1 μm to 0.43-0.65 μm between 2013 and 2015. This indicates that pollution reduction will affect the size distributions of chemical compositions, and the decrease of the secondary inorganic salt in the droplet mode (0.65-1.1 μm) was the most significant among all the size fractions.
In the YRD, the decreases of SO 4 2 , NO 3 , NH 4 + and OC were the most significant in the size fractions of 0.43-1.1 and 4.7-5.8 μm from 2013 to 2015, while concentrations of were the most significant in the size fraction of 0.43-0.65 μm from 2013 to 2015; however, the concentrations of these species increased at 0.65-1.1 μm and 4.7-5.8 μm, which led to the shifting of their fine-mode peaks from 0.43-0.65 μm to 0.65-1.1 μm. The concentration of OC decreased most significantly in the size fraction of 0.43-1.1 μm, while it increased in the size fraction of 4.7-5.8 μm. The concentration of EC increased most significantly in the size fractions of <0.43 μm and 1.1-2.1 μm, and the fine-mode peak of EC shifted from 0.43-0.65 to 1.1-2.1 μm.
Overall, the declining rate of the secondary aerosol components in 0.43-0.65 μm was significantly smaller than that in 0.65-2.1 μm. This was mainly due to the increasing of O 3 , which led to an increase in the photochemical reaction rate of the secondary components, and the secondary components based on photochemical formation are mainly concentrated in a smaller size fraction (0.43-0.65 μm). As the formation rate of secondary components in this size fraction increased, the concentrations of these species decreased indistinctively in the case of a remarkable decrease of the precursor gases (Tian et al., 2014) . The secondary components in 0.65-2.1 μm are mainly produced through heterogeneous chemical reactions. When the relative humidity is stable, the decreasing rate of the secondary components is mainly caused by the decrease of precursor gases.
For most of the analyzed chemical species, the coarse- mode peak decreased most significantly among all size fractions from 2013 to 2015, and the fine-mode peaks of SO 4 2 , NO 3 and NH 4 + shifted from 0.65-1.1 μm to 0.43-0.65 μm. These results indicated that the control effect on coarse particles has been the most significant since the implementation of the "Action Plan". The concentrations of secondary aerosol components in the atmosphere decreased significantly, but the photochemical generation rate of secondary components increased.
Conclusion
(1) In 2013-2017, the PM 2.5 and PM 10 annual mass concentrations and the number of heavy pollution days decreased significantly in 74 key cities of China, BTH, BTHs, the YRD and the PRD. Air pollution improvement objectives and key tasks set in the Action Plan for Prevention and Control of Air Pollution were fulfilled. However, currently, PM 2.5 pollution is still severe in China. In particular, the PM 2.5 mass concentration is still high in the eastern foothills of the Taihang Mountains and the Fenhe and Weihe River Plain, which are affected by unfavorable topography and meteorological conditions, as well as in the Urumqi-Changji regions, which are affected by industrial structure, control measures and diffusion conditions. Autumn and winter should still be the focus of the prevention and control of particulate matter pollution in China.
(2) In 2013-2017, the mass concentrations of PM 2.5 chemical components, including EC, OM, SO 4 2 , NO 3 , NH 4 + , and mineral and unresolved components, showed a downward trend in China and key regions, which was consistent with the change of the PM 2.5 mass concentration during the same period. In BTH, the concentration of chemical compositions related to primary emissions decreased much more than did that of the secondary inorganic components.
(3) In 2013-2015, the concentrations of coarse and fine particulate matter showed a downward trend in the BTH, YRD, PRD and SC regions, and the declining rate of the coarse-particle matter was significantly greater than that of fine-particle matter. With the improvement of the ambient air quality, the peaks of SO 4 2 , NO 3 , and NH 4 + in the fine-particle size fractions migrated to the finer-particle size fraction, indicating that the pollution reduction had a certain effect on the particle size distribution characteristics of each chemical composition.
(4) In summary, the ambient air quality is still severe in China. There is unbalanced progress concerning the control of PM 2.5 in different regions. The change rates of chemical components related to primary emissions and secondary inorganic components are significantly different in different regions. In particular, with the strengthening of PM 2.5 control and the improvement of governance standards, the control of PM 2.5 precursors becomes more and more important.
